ABSTRACT Throughout a goldfish's life, new generations of ganglion cells are added on the retinal margin and their axons extend centrally to occupy predictable positions in the retinotectal pathway, adjacent to their predecessors and subjacent to the pia. The stacking of successive generations of axons defines the age-axis of the pathway. This study examined whether an ordered array of predecessor axons is a prerequisite for the patterned growth of new axons. One optic nerve was crushed intraorbitally and the fish was injected with 3H-thymidine to label the proliferating cells on the retinal margin. The ring of 3H-thymidine-labeled cells separated retina that was present at the time of nerve crush (inside the ring) from new retina added afterward (outside). After a period of 14-16 months postcrush, both tectal lobes received two punctate applications of horseradish peroxidase (HRP), one in the central and the other in peripheral tectum, to retrogradely label contralateral retinal ganglion cell bodies and their axons.
after regeneration was complete. We ask the question, "To what extent can these new axons reestablish order along the age-axis after it has been degraded during regeneration?"
It has been suggested that order along the r-axis was built up by successive generations of axons following their predecessors from nearby retinal sites, both during embryogenesis (Bodick and Levinthal, '80) and during regeneration (Stuermer, '86) . There is no doubt that during normal development successive generations do exactly that; the question is whether or not their predecessors guided them. The alternative is that other factors lead the axons into their particular trajectories, and the young ones simply follow the same guidance cues as their predecessors, and therefore only seem to track their predecessors. This paper examines that question. We have taken advantage of the fact that the goldfish retina continues to add new ganglion cells throughout the animal's life (Johns, '77; Meyer, '78) . If new axons are added to a regenerated pathway, then this setting should permit an evaluation of the importance of specific axon tracking. Do the new axons follow their neighbors' axons, now randomly dispersed throughout the cross section of the pathway? Or do they course along the same superficial channel that they would have followed if the nerve had never been interruptedthat is to say, superficially, just deep to the pial boundary?
We have addressed this question by crushing the optic nerves of goldfish and then allowing them more than a year to 1) regenerate the severed axons and 2) add new ones (at the rate of 40-50 per day; Easter et al., '81) . Selected groups of regenerated and of newly added axons and cell bodies were then labeled with horseradish peroxidase (HRP), and the retinae and optic pathways were incubated to show the locations of the somata and their axons. We conclude that new axons coursed in the normal location, despite the fact that their regenerated predecessors were el-xhere. Thus, the new axons did not need an orderly array of predecessors to recapture their proper positions in the pathway. This indicates that new axons do not specifically track their slightly more central neighbors. Order along the r-axis of the pathway is apparently established on the basis of other cues.
An abstract of this work has been presented previously (Bernhardt et al., '86) .
MATERIALS AND METHODS

Optic nerve crush and 3H-thymidine labeling
Small goldfish (25-35-mm standard body length) were anesthetized with 0.1% tricaine methanesulfonate (Sigma). The right optic nerve was crushed intraorbitally with fine curved forceps. If profuse bleeding occurred the animal was not used. The fish were then injected intraperitoneally with 3H-thymidine (102 Ciimmol, 10 pCi/g body weight) to label the mitotically active cells in the germinal zone at the edge of the retina (Johns, '77; Meyer, '78) . The labeled cohort of cells served to mark the edges of both retinae (left and right) at the time of nerve crush. The fish were revived and returned to their aquaria. Months later, when they were killed, the annulus of radioactive cells in the experimental retina delimited the boundary between those ganglion cells present at the time of the crush which have regenerated their axon and the new ganglion cells added at the periphery subsequent to the crush which have a newly grown (not regenerated) axon.
HRP labeling
After 14-16 months, by which time the fish had grown to 46-85-mm standard body length, they were anesthetized (as before), and the skull overlying the tectum was removed. Two small groups of fascicles, one central and the other peripheral (at the medial periphery of the dorsal hemitectum), were cut and labeled with HRP (Fig. 1 ). Both right (control) and left (experimental) sides were labeled. Details of the surgical procedure were as described previously (Stuermer and Easter, '84a, b; Bernhardt and Easter, '86) .
Four days after the HRP application the fish were reanesthetized, both right and left eyes were removed, and the fish were then perfused with buffered glutaraldehyde. The retinae were whole-mounted (see Bernhardt and Easter, '86) . The brains were embedded in gelatidsucrose and 40-pm transverse sections were cut on a freezing microtome. To obtain sections of the optic pathway at an angle roughly perpendicular to the course of the axons, the brain was cut in a semihorizontal plane (see Bernhardt and Easter, '86) . The sections and the whole-mounted retinae were processed for HRP by using diaminobenzidine (DAB) with cobalt intensification (Adams, '81) and then counterstained with methylene green. The retinae were sampled systematically at 400x, and the outermost HRP-labeled cells in a group were connected on the drawings to define the boundary. The regions within the boundaries are stippled on the drawings.
We have found the DAB chrornogen to be the most reliable in our hands, and since the fish were so special, representing more than a year's survival, we used DAB. The disadvantage of this chromagen is its nonspecific labeling, particularly of endothelial cells, erythrocytes, and the pia. The nonspecific labeling is pointed out in representative photomicrographs, but, for reasons of clarity, most of the data are presented as camera lucida drawings.
Areas were measured on these calibrated drawings with a digitizing pad (Zeiss MOP-3).
Au toradiography
The retinal whole mounts that had previously been processed for HRP were embedded in glycomethacrylate (SorVal Embedding Medium, Dupont) and sectioned tangential to the retinal surface at 3 pm. Slides with mounted sections were dipped in nuclear emulsion (NTB-2, Kodak) and exposed at 4°C for 3-8 weeks. The autoradiographs were developed in Kodak D-19 as previously described (Johns, '82) . Because the embedded retinae were not completely flat, individual sections did not include the whole retinal area. The retinae were partly reconstructed from outline drawings of adjacent sections, and the radial distance from the annulus of 3H-thymidine-labeled cells to the optic disk was determined in at least two retinal quadrants. A circle of corresponding radius marks the position of the radioactively labeled cells in the original drawing of the HRPprocessed retinal whole mount. Because the reconstructions of the autoradiographs did not include the complete retinal margin in all four retinal quadrants, the measurements of radial distance are designated as approximate. We are confident that our reconstructions of the radioactive annuli are reliable even though only two radial measurements were made, since previous work has shown that the relative position of the optic disk remains stable during postlarval development (Raymond, '86 
RESULTS
Retinal growth
All retinae had grown considerably between the time of nerve crush and the HRP application. Retinal areas in the eight experimental animals ranged from 27.82 mm2 to 56.85 mm2, with larger fish generally having larger retinae (Table I). The average area of nine retinae from five small fish (30-33-mm body length) similar in size to the experimental fish at the time of nerve crush was 11.24 mm2 (range 9.62-13.55 mm'). Thus the experimental retinae had increased in area approximately threefold over the course of the experiment. The increase reflects both stretch of preexisting retina and addition of new retina from the marginal growth zone. These measurements are consistent with data based on sectioned material from normal animals (Raymond, '86). In the retinae of four fish, 3H-thymidine-labeled cells were detected. They formed an annulus at 78-84% of the radial distance from the optic disc (Table 1 , Fig. 2B ). Thus, about 36% of the entire retina lay outside the ring. The amount of new retina that had been added proved sufficient to allow the selective labeling of new ganglion cells and their axons (see below).
The retinal growth rate was not affected by the nerve crush. Table 1 shows that the experimental (right) and the control (left) retina in each fish were of similar size. In one control retina the radial distance from the optic disc to the ring of radioactively labeled cells was also measured and found to be the same as in the corresponding experimental retina (Table 1, compare Fig. 2A,B) . At a rate of 40-50 ganglion cells per day (Easter et al., '811, 17, ,000 new cells should have been added over the 14-16-month survival.
In four animals no radioactive label was detected. One of us has noted a similar loss of label over months of survival: the intensity of radioactive labeling was found to differ between the two retinae of the same animal-one removed shortly after an intraperitoneal injection of 3H-thymidine, the other after a longer survival period (P.A. Raymond, unpublished results). Possible explanations are proton exchange or DNA repair. Another possibility is that some injections of the radioactive tracer were not successful. Whatever the reasons for the four failures, the four successes gave consistent results, as Table 1 shows. We therefore assume that in the four unlabeled retinae, cells at radial distances greater than about 80% had been added after optic nerve regeneration.
Retinal origins of tectal fascicles
Control retinue. On the dorsal tectum, the optic axons course in fascicles that diverge from the rostral tectal pole, steadily shrink as they lose axons, and disappear at the tectal equator (Fig. 1) . We refer to those that disappear more rostrally as "central" fascicles and to those that disappear more caudally as "peripheral." Tectal fascicles normally contain axons of similar age, sharing a common radial distance from the optic disc (an r-group: Bernhardt and Easter, '86). Central fascicles contain older axons, originating from central retina, and successively more peripheral fascicles are successively younger. The youngest axons, from the retinal margin, course along the tectal periphery (for details see Stuermer and Easter, '84b) . This organization is illustrated after the application of HRP to two dorsal fascicles on a control tectum. Labeled ganglion cells were restricted to the ventral half of the corresponding retina (Figs. 2A, 3A, 4Q and occupied two partial annuli. Based on previous studies (Stuermer and Easter, '84b; Bernhardt and Easter, '86) we concluded that the more central annulus was labeled through the fascicle on central tectum and that the more peripheral annulus was labeled from the peripheral tectal fascicle. The central annular segment la:{ entirely within the ring of radioactive cells, and the peripheral segment was completely outside ( Fig. 2A) . the dorsal half of a whole-mounted control tectum. A relaxing cut (curved edge) was made along the tectal equator to allow for flattening of the tectal hemisphere. The axons constituting the tectal Fascicles have been visualized after application of HRP to the cut intraorbital nerve. Rostra1 is to the right, caudal to the left, medial (dorsal) up. Axons course in fascicles that diverge from the rostral tectal pole and disappear near the tectal equator. In the text, fascicles that disappear more rostrally are referred to as "central" fascicles and those that that disappear more caudally as more "peripheral." Calibration bar, 1.0 mm. In six out of eight control retinae an additional group of labeled ganglion cells was observed after applications to rostrocentral tectum. It extended linearly from the temporal edge of the central partial aiinulus toward the temporal retinal margin (Figs. 2A, 4G ). This complex sickleshaped pattern has been previously analyzed in detail (Easter and Stuermer, '84) . In brief, the handle of the sickle (,'ea" on Fig. 2A) represents the contribution of labeling terminal arborizations and extrafascicular axons; the blade, or annulus portion, represents fascicular labeling. As in the simpler annular pattern described in the preceding paragraph, the blade of the sickle lay entirely inside the ring of radioactive cells. This sickle-shaped pattern was never seen after labeling at the extreme tectal periphery (Easter and Stuermer, '84) .
We conclude that the central and peripheral application sites were suitable to probe the experimental pathways followed by regenerated and newly added axons, respectively. Figure 1 . In this animal no radioactive label was detected. Asterisks in B mark the approximate extent of the precrush retina (80% retinal radius), an estimate based on four other fish (see Table 1 (Figs. 2B, 3B, 4A-E). In the one exceptional case, a distinct partial annulus of clustered labeled cells was embedded in the more scattered ones (Fig. 4F) . We suggest that this exceptional case had an incomplete crush (see below). In the remaining seven cases the absence of a central annulus confirms that the nerve had been effectively crushed (Cook, '83; Stuermer and Easter, '84a) .
In seven of eight cases, the HRP-labeled cells were confined by the ring of radioactive cells and had therefore been born before the nerve was crushed. In the single exception, the HRP-labeled cells intersected the ring in ventrotemporal retina, shown in Figure 2B . This was the only case in which new cells lay in the same group as old ones. There are two possible explanations for the backfilling of newly added ganglion cells from the central tectal application site: 1) some of the new axons might have grown directly into central tectum, alongside their regenerated predecessors, or, 2) the new axons did not reach central tectum directly when they first grew out but entered it only later, as part of the events associated with shifting terminals. As a result of the discordant growth patterns of the retina and tectum, retinal terminals (which at all times project retinotopically) shift caudally on the tectum. Previous work in goldfish (Easter and Stuermer, '84; Stuermer and Easter, '84b ; Ray-6-27-2r -
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mond, '86) has shown that the displacement is largest for fibers from temporal retina which move caudally at a rate of about 5 p d d a y (Raymond, '86). These observations lead us to favor the second alternative, since the location of this small group of cells, in ventrotemporal retina, is consistent with that interpretation.
In all experimental retinae, a labeled peripheral partial annulus was found outside the ring of radioactive cells (Figs. 2-5) , exactly where it would be expected if the new ganglion cells sent their axons through the normal pathway along the tectal edge. The likelihood that they did so is strengthened by the analysis of the pathway, the subject of the next section. Figs. 2 and 3. ) Conventions are the same as in Figure  2 . In all experimental retinae there was a well-defined peripheral partial annulus of HRP-labeled ganglion cells, comparable in location and extent to the control (GI. In retinae in which a radioactive annulus was detected (B,C,F), it is indicated by a broken line (see also Fig. 2) . In all cases, the peripheral arc of HRP-filled ganglion cells was peripheral to it. A central annulus present in all control retinae (G, see also Figs. 2A, 3A) was not found in seven of the eight experimental retinae (A-E, Figs. ZB, 3B) . Instead 
Organization of the optic tract
Control tract. The topography of the regenerated and the nonregenerated axons was examined in cross sections of the optic tract of the same animals. Two distinct bands of HRP-labeled axons, one deep and the other more superficial, were always found in control tracts (Figs. 2C, 3C , 6A,C). These axons were traced to the central and peripheral tectal application sites, confirming earlier work (Bernhardt and Easter, '86). In those cases in which the labeled zone in central retina was sickle-shaped (reflecting extrafascicular and terminal labeling in addition to fascicular labeling, as described above), a group of labeled axons in the tract ("ea" in Fig. 2C ) extended along the central to Fig. 5 . Dual labeling of the retina. An orienting overview (A) and two high-power micrographs illustrating HRP-labeled ganglion cells of a peripheral retinal annulus (B) and 3H-thymidine-labeled cells (C). A: A tangential section through an experimental retina (6-13-h) treated for autoradiography and counterstained. The location of this micrograph is indicated in a camera lucida drawing of the same retina (Fig. 2B) . Because the retina was not embedded perfectly flat the section b'l-azes different retinal layers. The boxed region (b), containing HRP-labeled ganglion cells that are difficult to discern at low magnification, is shown at higher magnification in B. Radiosuperficial axis in a region previously demonstrated to contain temporal axons (Figs. 2C, 6A) (Bunt, '82; Springer and Mednick, '85; Bernhardt and Easter, '86) .
Experimental tract.
In the experimental pathways the labeling pattern was different. There was no dense central band of stained axons in seven of the eight fish. Instead, the labeled axons were dispersed over most of the dorsal arm of the tract ("s" in Figs. 2D, 3D; Fig. 6B, D) . (In only one case was there evidence of a central band of labeled axons, and this was in the same fish whose retina contained a central partial annulus. This reinforces our belief that the nerve had been incompletely crushed.) The scattered axons were traced to the central tectal application site and therefore originated from central retina; they must have been regenerates. All experimental tracts also contained a actively labeled cells in the boxed region (c) are shown at higher magnification in C. Asterisks indicate the retinal margin; arrowheads indicate erythrocyte-filled blood vessels in the ganglion cell layer. R: A high-power micrograph, illustrating HRP-labeled ganglion cells (arrows). C: High-power microbpph showing 3H-thymidine labeled cells in the inner nuclear layer. GCI,, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiforni layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Calibration bars, 100 bm (A), 25 pm (B,C).
dense band of labeled axons near the pia ("a2" in Figs. 2D, 3D, 6B,D). These axons were traced to the peripheral labeled tectal fascicle, and they originated from a peripheral retinal annulus, outside the ring of radioactive cells. Therefore, they must have been added &er the nerve was crushed. The pathway followed by these axons was indistinguishable from that of normal fibers derived from ganglion cells of equivalent positions on the normal side. Thus, in the brachium of the experimental tract the newly added axons, originating from nasoventral retina, were clustered far from the nucleus pretectalis superficialis pars magnocellularis (nppm), like their counterparts in the control pathway. This indicates that in addition to restoring order along the r-axis they had also established normal order along the &axis of the pathway (see companion paper; Bern- hardt and Easter, '86, '88).
We conclude 1) that the crushed axons regenerated in a pattern in which much of the original order along the raxis was lost, and 2) that the axons added after nerve crush grew in along the normal trajectory (the subpial lamina in the tract and the outermost edge of the brachium enclosing the tectum.) There can be little doubt about the first conclusion, as it is supported by other work (Horder, '74 ; Meyer, '80; Dawnay, '81; Cook, '83; Stuermer and Easter, '84a; Bernhardt and Easter, '88) . Indeed, the central tectal site was labeled in this experiment to codlrm that the nerve crush had been effective. The second conclusion might be doubted, however. Have we ruled out the possibility that some of the new ganglion cells sent their axons directly into the deep tract and central tectum? We believe that we have, since the two labeled groups of retinal cells were always separated by a gap of unlabeled cells, many of which lay outside the radioactive ring, and had therefore been born after nerve crush (Figs. 2-4) . If some of these had sent their axons centrally, they would presumably have been labeled by the central HRP application, but they were not. With one exception, the only labeled cells outside the ring were those in a position corresponding to the labeled cells on the normal side, and we have provided a n explanation, based on earlier work, of the exceptional case. Thus, both conclusions appear justified.
DISCUSSION
Our observation, that new axons added to a regenerated optic pathway establish a normal r-order, differs slightly from another recent report. Stuermer ('86) backfilled ganglion cells from peripheral tectal fascicles of fish that had survived for 2, 4, and 12 months following optic nerve section and reported that the peripheral retinal annuli were less well defined than in an intact projection. In the case of the animals that survived 12 months, this was taken to indicate either that axons from new ganglion cells intermixed with regenerated axons or that new axons were influenced by the abnormal routes that had been established in the regenerated pathway. Our results argue against the second alternative. In the present study we waited longer after nerve crush before labeling and we found that the peripheral retinal annuli that were labeled from peripheral tectal fascicles were indistinguishable from normal ones. In our fish the new retina constituted more than 30% of the whole-enough to provide an unlabeled buffer zone between the peripheral HRP-labeled cells and the 3H-thymidine-labeled cells. Most of Stuermer's results were obtained from shorter survivals (2 and 4 months) during which time relatively little new retina would have been added. Stuermer did not mark the boundary of the retina at the time of optic nerve section and therefore could not know which of the HRP-labeled somata had been added after regeneration. We suggest that the minor discrepancy between Stuermer's study and ours reflects a difference in the amount of new retina added after the transection of the optic nerve. The simplest explanation is that the crushed axons regenerated across the entire tectal surface including the dorsomedial margin, where the next generation of new axons also grew. If only a little new retina had been added, then application of HRP to a peripheral tectal fascicle would label a mixed population of both new axons and regenerates; since the latter originate from sites scattered throughout the retina, the wider-spread retinal origins, Stuermer's result, would be expected. Our results were obtained after addition of a substantial amount of new retina. They indjcate that the mixed fascicles had been displaced from the tectal periphery by axons of new ganglion cells, a pattern previously described in normal fish (Stuermer and Easter, '84b) .
This study was designed to examine the contribution of axon-axon tracking in the establishment of the fiber topography, and the r-axis in particular, of the goldfish optic pathway. Our results show that new axons added in a normal developmental sequence to a regenerated optic pathway did not follow the aberrant routes taken by their regenerated neighbors. Instead of coursing through the depths of the cross section of the tract, where the regenerated axons of slightly smaller r-value had grown, the new axons coursed with one another in the optic tract and tectum and their positions were similar to those of corresponding axons on the control side. These results are therefore incompatible with the hypothesis that growing axons depend for guidance primarily on their predecessors from slightly more central retinal regions (Fawcett, '85; Taylor and Gaze, '86) . They are consistent with the proposal that r-order reflects a general adhesion between new axoris (Bernhardt and Easter, '86 ) and a permissive role of the subpial region of the pathway (Rusoff, '84; Silver and Rutishauser, '84; Easter, '87 ; see also Walsh and Guillery, '85) . It is interesting to note that the subpial zone is not only preferred by growth cones of axons but by migrating cells as well (Hausmann et al., '87; '87) .
We have not examined closely the question of whether the new axons also assumed the normal order along the 0-axis (We did not use intraretinal HRP applications to label small groups of axons of common 6.1, but three observations suggest that they did, at least to some degree. First, retrograde labelings from the dorsal peripheral tectal fascicle always labeled a partial annulus in the ventraI hemiretina. Therefore the axons had made the appropriate choice at the brachium of the optic tract, where fibers from dorsal and ventral hemiretinae segregate (Attardi and Sperry, '63) . Second, the angular subtense of the partial annulus was roughly normal, suggesting that the axons from ventroternporal ganglion cells had exited the brachium first, as they do normally (Stuermer and Easter, '84b) . Third, the labeled new axons, originating in the nasal quadrant of the ventral hemiretina, occupied appropriate positions within the crosssectioned dorsal brachium-that is, they were clustered far from nppm. In the preceding paper (Bernhardt and Easter, '88) we have concluded that regenerated axons followed nonaxonal cues to reestablish a crude version of the original 6-order.We suggest that the new ones could also do so, and our data are consistent with that idea.
We believe that our results exclude the possibility that new axons selectively associate with other axons from similar retinal addresses. But we do not wish to leave the impression that existing axons play no role in the guidance of growth cones. Indeed, our recent work has emphasized that the growth cones of new optic axons in goldfish preferentially elongate on their immediate predecessors in both de novo outgrowth (Easter et al., '84) and regeneration (Easter, '87) . Similarly, Grant and Ma ('86) have demonstrated that scrambled optic axons in Xenopus will regenerate on any of several preexisting sets of axons, including peripheral ones. But we have no evidence that growth cones recognize, or grow upon, axons from neighboring retinal regions in preference to axons from more distant sites.
Thus, preceding axons probably provide nonspecific guidance. In the metaphor of automobiles, the road bed is provided by the axons, but the direction signs are found elsewhere.
Finally, we are not suggesting that axons entirely lack an identity, nor are we denying the phenomenon of axoaxonal recognition, for which convincing evidence exists both in vitro (Bray et al., '80; Kapfhammer et al., '86; Kapfhammer and Raper, '87) and in vivo (Raper et al., '84; Kuwada, '86) . But in those cases, growth cones encountered axons of various origins, such as retina and sympathetic ganglion, and selectively associated with some axons and avoided different ones. In the case of the visual pathway, it has been suggested that retinal axons might be capable of recognizing the sectoral origins of other axons and then preferentially associating with those of the same sector. Bonhoeffer and Huf ('85) have demonstrated that some chick retinal axons can do this, in vitro, and it is possible that some of the sectoral order among the new axons in this study was brought about by such selectivity. But the very tight rorder was restored in the new portions of the pathway despite the severely degraded r-order in the regenerated pathway. We feel confident that this aspect of order must arise without any contribution from specific axoaxonal guidance.
